Using the screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) we explore the effects of strain on the energetic ordering and effective mass of the lowest conduction-band states in SrTiO 3 . We predict that biaxial stress in the (001) or (110) planes results in the lowest-energy conduction-band state having significantly smaller electron mass in the in-plane directions compared to the unstrained SrTiO 3 , thus suggesting that pseudomorphic growth is a promising route to increasing the electron mobility in epitaxial films. We propose possible substrates that may lead to SrTiO 3 films with enhanced electron mobilities, and report deformation potentials that allow accurate prediction of conduction-band splittings for arbitrary strain configurations. DOI: 10.1103/PhysRevB.84.201304 PACS number(s): 71.20.Ps, 71.70.Fk, 73.50.Dn SrTiO 3 has attracted great attention ever since charge modulation and the formation of a two-dimensional electron gas (2DEG) at the SrTiO 3 /LaAlO 3 interface have been reported. [1][2] [3] SrTiO 3 has a wide band gap and can easily be doped n type. Epitaxial SrTiO 3 films with high structural quality have been shown to exhibit low-temperature electron mobilities exceeding 30,000 cm 2 V −1 s −1 . 4 Despite this impressive recent progress, many features of the band structure remain unknown. For example, reported experimental 5,6 and theoretical [7] [8] [9] [10] values for the electron effective mass range from 1.0m 0 to 16m 0 . Given the growing interest in electronic transport in epitaxial heterostructures that combine SrTiO 3 with other multifunctional oxides, it is important to know how strain affects the electronic properties or, more specifically, the electron mobility in SrTiO 3 . Recent experiments 11 have shown that application of external compressive uniaxial stress to La-doped SrTiO 3 films results in significant enhancements of the electron mobility. In general, pseudomorphic growth offers great opportunities for strain engineering: Epitaxial films have their in-plane lattice constant determined by the substrate as long as the number of atomic layers remains below a critical layer thickness. The resulting strain in the epitaxial layer can greatly affect the absolute energy, degeneracy, and ordering of the band-edge states. In this Rapid Communication we show that strain allows tuning the ordering of the lowest conductionband states in SrTiO 3 epitaxial films, and thereby modifying the electron effective mass and mobility. In particular, SrTiO 3 layers under biaxial tensile stress in the (001) plane, or biaxial stress in the (110) plane, either tensile or compressive, are predicted to exhibit small effective mass in the directions that are relevant for the electron transport.
SrTiO 3 has attracted great attention ever since charge modulation and the formation of a two-dimensional electron gas (2DEG) at the SrTiO 3 /LaAlO 3 interface have been reported.
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SrTiO 3 has a wide band gap and can easily be doped n type. Epitaxial SrTiO 3 films with high structural quality have been shown to exhibit low-temperature electron mobilities exceeding 30,000 cm 2 V −1 s −1 . 4 Despite this impressive recent progress, many features of the band structure remain unknown. For example, reported experimental 5, 6 and theoretical [7] [8] [9] [10] values for the electron effective mass range from 1.0m 0 to 16m 0 . Given the growing interest in electronic transport in epitaxial heterostructures that combine SrTiO 3 with other multifunctional oxides, it is important to know how strain affects the electronic properties or, more specifically, the electron mobility in SrTiO 3 . Recent experiments 11 have shown that application of external compressive uniaxial stress to La-doped SrTiO 3 films results in significant enhancements of the electron mobility. In general, pseudomorphic growth offers great opportunities for strain engineering: Epitaxial films have their in-plane lattice constant determined by the substrate as long as the number of atomic layers remains below a critical layer thickness. The resulting strain in the epitaxial layer can greatly affect the absolute energy, degeneracy, and ordering of the band-edge states. In this Rapid Communication we show that strain allows tuning the ordering of the lowest conductionband states in SrTiO 3 epitaxial films, and thereby modifying the electron effective mass and mobility. In particular, SrTiO 3 layers under biaxial tensile stress in the (001) plane, or biaxial stress in the (110) plane, either tensile or compressive, are predicted to exhibit small effective mass in the directions that are relevant for the electron transport.
The calculations are based on generalized Kohn-Sham theory 12 using the screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) 13 as implemented in the VASP code. 14, 15 We use the Hartree-Fock mixing parameter of 25% and screening parameter ω = 0.2Å −1 . The electronion interactions are treated in the projector augmented-wave (PAW) approach, 16, 17 and the wave functions are expanded in plane waves with cutoff up to 600 eV. Integrations over the Brillouin zone are replaced by sums over special k points, with a grid of 4 × 4 × 4 for the primitive cell (containing five atoms) of cubic SrTiO 3 . We focus on cubic SrTiO 3 , since it is the stable phase at room temperature and the transition to the lower-symmetry tetragonal phase occurs below 105 K. 18, 19 The effects of biaxial stress in the (001) and (110) planes are investigated by constraining the in-plane lattice parameter (leading to an in-plane strain ε ) and allowing the lattice to relax along the perpendicular direction, resulting in a strain ε ⊥ . The presence of biaxial strain can cause lower-symmetry phases, which would involve rotations of the TiO 6 octahedra, to become stable at higher temperatures. 20, 21 While a full study of these effects is beyond the scope of the present Rapid Communication, we have performed test calculations for SrTiO 3 biaxially strained in the (001) plane in which TiO 6 rotations around the [001] axis were allowed. We find that TiO 6 rotations change the calculated splitting of the lowest-energy conduction-band states by less than 4 meV and effective masses by less than 5%.
The calculated lattice constant for the cubic SrTiO 3 is 3.905Å, in good agreement with recent calculations 22 and with the experimental value of 3.900Å. 18, 19 In Fig. 1 we show the calculated band structure of cubic SrTiO 3 , without inclusion of spin-orbit coupling. SrTiO 3 has an indirect band gap with the valence-band maximum at R and the conduction-band minimum at . The calculated indirect band gap R-is 3.47 eV and the direct band gap -is 3.75 eV, in good agreement with the reported experimental values of 3.25 and 3.75 eV, 23 and the values of 3.20 and 3.59 eV from recent HSE calculations using a localized basis set. 24 Density functional theory using the HSE screened hybrid functional has been reported to result not only in accurate band gaps for semiconductors, but also in accurate values of deformation potentials. 25 In contrast, conventional local or semilocal functionals 12, 26 are known to severely underestimate band gaps, including that of SrTiO 3 . 22, 27, 28 The lowest-energy conduction-band states in SrTiO 3 are derived from the Ti 3d-t 2g orbitals (xy,yz,zx). The bands derived from the Ti 3d-e g orbitals (3z 2 − r 2 ,x 2 − y 2 ) lie more than 2.3 eV higher in energy. This splitting of the Ti 3d bands is due to the cubic crystal field produced by the six nearestneighbor O atoms. In the absence of spin-orbit coupling, the conduction-band minimum of cubic SrTiO 3 is threefold degenerate at . This degeneracy is broken when moving away from in the X, M, or R directions, resulting in three bands with very different electron masses that are also highly anisotropic. The effects of spin-orbit coupling on the lowest conduction-band states in SrTiO 3 are illustrated in Fig. 2 . The band structure is shown in the vicinity of the conduction-band minimum at , along the -X and -M directions, representing two of the highest-symmetry directions. As shown in Fig. 2(b) , the spin-orbit coupling breaks the threefold degeneracy at , resulting in two lower-energy degenerate bands, labeled he and le, and a higher-energy split-off band, labeled so. The calculated spin-orbit splitting at is 28 meV, in good agreement with all-electron calculations, 8 and 30% smaller than an estimated value based on the spin-orbit splitting of atomic Ti 3d states. 9, 10 The spin-orbit coupling has a strong effect on the electron effective mass of the lowest conduction band in SrTiO 3 , i.e., the he band, as shown in Fig. 2 . Table I shows that spin-orbit coupling significantly reduces the effective mass m he . The masses are extracted from the inverse of the second derivative at of the band energies with respect to k along the -X and -M directions. Particularly notable is that the he mass along the -X direction is reduced from 6.1m 0 to 0.99m 0 . We attribute this change to a repulsion between the so and the he bands, which is stronger at larger k values. Lifting the so band allows the he band to curve upward, resulting in a lighter mass. These results are in agreement with previous density functional calculations. The degeneracy of the le and he bands at can be lifted by the presence of strain, offering the possibility of tuning effective masses. A preferential occupation of a band with a low electron mass in the transport direction will lead to higher electron mobilities. Here we discuss the effects of biaxial stress corresponding to epitaxial growth in the (001) and (110) planes. Results for biaxial stress in the (111) plane, along with a discussion of the effects of uniaxial stress along the [001], [110] , and [111] directions will be reported elsewhere.
In Figs. 3(a) and 3(b) we show the conduction-band states along the X--X and X--M paths for ε = −1.0% (compressive) and +1.0% (tensile) strains in the (001) plane. The strains in the perpendicular direction, obtained by energy minimization, are ε ⊥ = +0.65% in the case of compressive biaxial stress, and ε ⊥ = −0.65% in the case of tensile stress. According to the macroscopic theory of elasticity, for biaxial stress the ratio ε ⊥ /ε is given by −2c 12 /c 11 . Our calculated value for this ratio, 0.646, is in very good agreement with the value of 0.643 obtained from the elastic constants calculated with HSE in Ref. 24 , as well as with experimental values. 29 Figures 3(a) and 3(b) shows that for 1% strain in the (001) plane, either compressive or tensile, the splitting between the lowest two conduction bands is of the same order as the spinorbit splitting. The effective mass becomes highly anisotropic under biaxial stress. For SrTiO 3 -based heterostructures grown along the [001] direction, the relevant electronic transport directions are those parallel to the interface, and thus parallel to the plane of the strain in pseudomorphic layers, i.e., in the (001) plane, for instance, along the X and M directions. For −1% compressive strain, the bands are split by 15 meV and the in-plane masses are high (see Table II ). For +1% tensile strain, we observe a switch in the ordering of the bands, which are now split by 20 meV. The effective mass of the lowest conduction band is now small along the in-plane -X and -M directions, which are the most relevant directions for the transport. Along the perpendicular direction ( -X), the mass is heavy. This is actually favorable, since the heavier mass along [001] allows for a higher density of states (and hence preferential occupation of the lowest band), while not affecting transport. We thus expect the electron mobility in SrTiO 3 under biaxial tensile stress in the (001) plane to be significantly higher than that in unstrained or biaxially compressed SrTiO 3 .
In Figs. 3(c) and 3(d) we show the conduction-band states along the M--X andM--X paths for ε = −1.0% (compressive) and +1.0% (tensile) strains in the (110) plane. In this case we find that both compressive and tensile strain lead to the effective mass of the lowest band being small along the in-planeX direction, and heavier along the in-plane M and the perpendicularM directions. We note that for the tensile case the separation between the lowest and the next conduction-band state is larger (∼40 meV), indicating that it can support higher electron concentrations without occupying the next conduction band, as compared to the compressive case.
We also determined the deformation potentials b and d related to deformations of tetragonal and trigonal symmetry, TABLE II. Calculated electron effective masses (in units of the free-electron mass m e ) along different high-symmetry directions for the lowest-energy conduction band in biaxially stressed SrTiO 3 . Effects of SO splitting are included. TheX andM points are defined in Fig. 1(b) and the insets of Figs. 3. Values are given for compressive (ε = −1%) and tensile (ε = +1%) in-plane strains resulting from biaxial stress in the (001) and (110) respectively. Using an analogy to the hole (valence) bands in zinc-blende semiconductors, 30 these parameters were calculated by inspecting the band structure when strain is applied. Neglecting spin-orbit coupling, the lowest-energy conduction bands split into twofold and onefold states at , with energy splittings of 3 2 |δE 001 | and 3 2 |δE 111 | for tetragonal and trigonal deformations, where the quantities δE 001 and δE 111 are expressed in terms of deformation potentials and strain components as in Eqs. (13) and (14) 
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We have verified that, using these deformation potentials, we can reproduce the energy splittings of the various bands in the presence of spin-orbit splitting as calculated explicitly from first principles. As an example, we plot in Fig. 4 the variation of the conduction bands as a function of biaxial strain ε in the (001) plane in SrTiO 3 using the calculated b parameter and including the effects of spin-orbit splitting, following Eqs. (12) in Ref. 30 . Although the character of the bands becomes mixed when strain is applied, for tensile strain the lowest band remains mainly le like and exhibits low effective mass along the in-plane directions [ Fig. 3(b) ].
The effects of strain on the conduction-band states in SrTiO 3 offer great opportunities for the design of electronic devices. Tensile strain in SrTiO 3 can be induced by growth on substrates with larger lattice constants. For instance, the growth of 25-nm-thick SrTiO 3 on the (110) plane of DyScO 3 has been recently reported, 31 resulting in in-plane tensile strains of 1.1% and 1.2% due to the orthorhombic structure of the substrate. However, the focus of that work was not on transport properties. Other possible substrates with lattice constants larger than that of SrTiO 3 are TbScO 3 with pseudocubic lattice constants a p = 3.960Å and c p = 3.959Å, GdScO 3 (a p = 3.970Å and c p = 3.966Å), 32 KTiO 3 (a = 3.989Å), (Ba,Sr)TiO 3 with 3.90 a 4.00Å, and Pb(Zr,Ti)O 3 with a 3.97Å. 19, 33 In summary, based on first-principles calculations we find that the effective mass of electrons in the transport direction can be lowered by subjecting SrTiO 3 films to tensile biaxial stress in the (001) or (110) planes, which can be accomplished by pseudomorphic growth on suitable substrates. The lower electron effective mass should result in significantly higher electron mobilities.
